Background: Fundamental questions in evolutionary genetics, including the possible advantage of sexual reproduction, depend critically on the effects of deleterious mutations on fitness. Limited existing experimental evidence suggests that, on average, such effects tend to be aggravated under environmental stresses, consistent with the perception that stress diminishes the organism's ability to tolerate deleterious mutations. Here, we ask whether there are also stresses with the opposite influence, under which the organism becomes more tolerant to mutations.
of each deleterious mutation on fitness may depend on environmental conditions and could be alleviated (become less deleterious), be unchanged, or be aggravated (become more deleterious) under environmental stress (Figure 1 ). Existing experimental evidence shows, however, that the average mutation effect -the average effect taken over a large set of random mutations -is generally aggravated or unchanged, but not alleviated, under environmental stress [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Such a bias towards aggravation of the effects of mutations by stress suggests that the organism's ability to compensate for deleterious mutations is reduced under stress. In contrast to this perception, the results of quantitative growth rate measurements of Escherichia coli mutants, which are presented here, identify a variety of environmental stresses whose influence on deleterious mutations is strongly biased towards the alleviation of mutation effects.
Results
Our results are based on a sensitive assay for the quantitative measurement of bacterial growth rates. The assay is designed in a 96-well plate format and is based on photon counting of light emitted from a constitutively expressed luciferase reporter. The main advantage of this technique is its high sensitivity and wide dynamic range, which allows detection of as few as 100-1,000 cells per well up to approximately 10 7 cells per well (see Figure 2 and Figure S1 at the end of this article). Such sensitivity exceeds by more than a thousand-fold the lower detection limit of commonly used optical density measurements and allows accurate measurements of several orders of magnitude of early exponential growth. The resulting accuracy of the measurement is about 5%. Also important is the ability to measure the growth of small populations, which greatly reduces the incidence of compensatory mutations [14] .
We first built a library containing 65 random mutations generated by chemical mutagenesis, along with 12 copies of the parental strain as controls. Importantly, we avoided as far as possible any selection against slow-growing mutants during the library construction procedures. The library was screened for growth under various environmental conditions and the growth rate of each mutant culture was defined as the reciprocal of the doubling time of the population during exponential growth.
It should be noted that our assay is designed to measure absolute growth rates of the mutants in isolation, rather than their relative fitness in competition. Such an absolute measurement is important for some of the analyses presented (in particular the analysis relevant to Figure 4 , below). In general, since actual fitness depends on many factors -such as the particular environment, the specific competitors or the population densities -it is always being defined only in an operational way. In our case, the growthrate measurements should be considered simply as direct measurements of a fitness-related trait.
Environmental stresses are defined as conditions leading to a reduction of fitness in a population [15, 16] . The environmental stresses we tested, which are listed in Table 1 , can be divided into two main classes -stresses that target specific cellular pathways and stresses with broad cellular impact. The first class includes the bacteriostatic antibiotics chloramphenicol and trimethoprim, which specifically target translation and folic acid biosynthesis, respectively. The second class includes low pH, low temperature, high osmolarity and
Figure 1
The possible influences of environmental stresses on the effects of mutations on fitness. Shown are schematic reaction norms of a wild-type strain (solid line) and three different mutants (dashed lines). The wild-type growth rates in favorable and stressful conditions are represented by F and S , respectively. The growth rates of each specific mutant in these environments is represented by F and S, respectively. The effects of mutations in favorable and stressful environments are illustrated; they are defined as ␣ F ϵ log( F / F ) and ␣ S ϵ log( S / S ), respectively. The effect of a specific mutation could be alleviated (␣ S < ␣ F , green), unchanged (␣ S = ␣ F , black) or aggravated (␣ S > ␣ F , red) under stressful conditions. The average mutation effects under favorable and stressful conditions ␣ F -and ␣ S -, are calculated by averaging ␣ F and ␣ S over a set of random mutations. We define a stress as alleviating (or aggravating) mutation effects if the average mutation effect is decreased, ␣ S -< ␣ F -(or increased, ␣ S -> ␣ F -) by the stress.
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the reducing reagent dithiothreitol, which are stresses with wider impacts (the reducing reagent dithiothreitol may have general impacts on protein disulfide bonds as well as more specific impacts on modules involved in maintaining redox balance [17] ). Growth of the mutants under these stresses was compared to their growth in a standard favorable medium. Additionally, the standard favorable medium itself was tested as a possible stress compared to an even more favorable medium created by supplementing it with conditioned medium [18] from a 2-day-old culture of the parental strain (the standard medium in this context is designated as 'unsupplemented' stress). For each stress, a particular strength was chosen that reduces the parental strain growth rate considerably but does not completely suppress growth (see a dose-curve example in Figure 2a) ; the chosen stress strengths are listed in Table 1 .
In total, several thousand growth curves were measured. Typically, at least two replicates of each mutant were grown in each of the environmental conditions. An example of the growth curve of one mutant from the library compared to the parental strain, in the favorable environment and under chloramphenicol stress, is shown in Figure 2b .
The influence of each of the stresses on the average mutation effect of the library of mutants is given in Table 1 . The results of the chloramphenicol and acidic stresses are illustrated in Figure 3 , while the complete dataset is given in Figures S2 and S3, at the end of this article. As expected, within a measurement error of 5%, the absolute growth rates of the parental strain and most of the mutant strains are reduced by the stress. This is reflected in Figure 3a ,b by the position of the mutants' points below the main diagonal, which is the geometric locus of mutants whose absolute growth rates are not affected by the stress. More important, however, is the position of the mutant points with respect to the equal-effect line (see the schematic illustration in Figure 3c ). This line is defined as the geometric locus of mutants whose growth rates relative to the parental strain in the same environment are not altered by the stress. Thus, mutant points on this line represent mutation whose effects are not changed under stress; points above this line represent mutations whose effects are alleviated by the stress and points below the line correspond to aggravated mutation effects. In the cases of the stresses chloramphenicol, trimethoprim, low temperature and dithiothreitol, most of the mutations lie above the equal-effect line: that is, their effects are alleviated by the stress. We can thus conclude that, on average, these stresses alleviate the phenotypic effects of mutations on growth. The average mutation effects and confidence levels for a difference between stressful and favorable conditions are given in Table 1 and strongly support a bias towards decreased mutation effects under these stresses. The distribution of the distance of mutations from the equaleffect line is shown in Figures 3d and S3 . For the stresses discussed above, the distributions are biased towards positive values, corresponding to mutations whose effects are alleviated under these stresses.
The results of the acidic stress, on the other hand, are qualitatively different, showing a small but significant (p < 0.01)
Figure 2
Examples of growth curves in various conditions. For each case, two independent measurements (triangles and circles) are shown, demonstrating the reproducibility of the measurement. The origin of the time axis corresponds to 10 counts per second (cps). (a) Influence of chloramphenicol stress on the parental strain. Growth in a favorable environment (black), and supplemented with 0.2 g/ml (magenta) and 1.2 g/ml (cyan) chloramphenicol are shown. Inset: the growth rate, determined from these and similar data, against chloramphenicol concentration. (b) One mutant of the library (green) compared to the parental strain (black) in the favorable environment (solid symbols) and under chloramphenicol stress (open symbols). Inset: the growth rates of the parental strain and the mutant in the two environments. The data indicate a strong alleviation of the effect of this specific mutation under chloramphenicol stress. aggravation of the effects of mutations. As shown in Figure 3d , the distribution of distances from the equal-effect line is now more centered and shifted slightly towards the negative region. Note also that a relatively large number of mutations become lethal under acidic stress. For the high osmolarity stress and the unsupplemented stress, mutations occur equally on both sides of the equal-effect line ( Figure S3 ), indicating a neutral or non-significant influence of these stresses on the average mutation effect.
Discussion
Explaining the observed qualitative diversity of the average impacts of stress on mutations, ranging continuously from alleviation to aggravation of average mutation phenotypic effects, is beyond the scope of this paper. We briefly discuss, however, some possible mechanisms that could be evoked to explain the existence of stresses that alleviate the average mutation effect. First, certain stresses -in particular the bacteriostatic antibiotics chloramphenicol and trimethoprimmay target a specific functional module in the bacterium, thus generating a rate-limiting step for growth. The data on the effects of these stresses may, to some extent, be interpreted in terms of an extremely idealized picture in which cell growth results from the combined functionalities of many parallel modules [19] . Assuming that proliferation rate is determined by the 'slowest module' and that the mutation and the stress target different modules, the mutant growth rate under the stress should be S = min[ F , S ], where F is the growth rate of the mutant in favorable conditions and S is the parental strain growth rate under the stress (Figure 1 ). This necessarily implies that the effect of the mutation on the relative growth rate is decreased under the stress (␣ S < ␣ F ). A similar argument stating that the "genetic potential of organisms is not reached under poor nutrition" was also made as a possible explanation for evidence of reduced heritability of natural populations seen under certain stressful conditions [20] . Second, it is known that certain bactericidal antibiotics, such as penicillin, confer an advantage on non-growing mutants [21, 22] . In sub-lethal concentrations, which allow slow growth of the parental strain, these reagents could potentially reduce the deleterious effect of mutations on relative growth rates. This does not seem to be the mechanism behind the results described here, however. One reason is that there would have to have been a positive correlation between the reduction in relative growth rate and the level of buffering by the stress, while the results indicated in Figure 3b do not show such a correlation. Third, chemicals such as chloramphenicol and dithiothreitol may cause increased error rates of translation and protein folding, respectively. The effects of mutations could then be obscured by the already high error rates imposed by the stress.
Regardless of mechanism, we propose that the existence of stresses that reduce the average effect of mutations has direct implications for the form of epistatic interactions between deleterious mutations (Figure 4) . Epistasis, in the 'population genetic sense', means that the combined effect of mutations is larger ('synergistic epistasis') or smaller ('diminishing return epistasis') than the simple product of their individual effects [23] . The average nature of epistasis is crucial for various issues in evolutionary biology, including the advantage of sexual reproduction [23] [24] [25] [26] [27] [28] . Thus far, direct attempts to test for the average nature of epistasis have shown null results [29, 30] , while positive evidence [31, 32] remains controversial [3, 23, 29, 33] . Figure 4 shows a hypothetical extrapolation of the averaged growth rates measured under favorable conditions and under the mutation-alleviating stress trimethoprim. The measurement error bars are small enough to strongly support (p < 0.0001) a smaller slope of the trimethoprim-stress line than the favorable-condition line. Without epistasis, the lines would be straight and would have to intersect (the 'bias' parameter in Table 1 measures the reciprocal of the distance to the intersection; trimethoprim, shown Figure 4 , has the strongest bias, but the claim of intersection of the lines can also be made for all the stresses that alleviate average mutation effects). Such an intersection seems unrealistic, however, because it would imply that, on average, the stress increases the absolute growth rate of bacteria carrying enough random mutations. To avoid intersection, at least one of the lines has to curve, or, in other words, average epistatic interaction between mutations must occur. The above argument thus allows us to make an inference about average genotype-by-genotype interactions from sufficiently precise genotype-by-environment data.
Conclusions
Our results show that organisms may actually become more tolerant to genetic perturbations when put under certain environmental stresses. This intriguing result implies a connection between the two main factors controlling the deleterious effects of mutations: environmental conditions and epistatic interactions (for additional support see [34] ). Such a connection may allow a unification of environmental and mutational theories for the advantage of sexual reproduction [2, 24, 35] . While the current study was aimed at the statistical characteristics of random mutations, the same approach and experimental techniques can also be applied to libraries of known and marked mutants, which should give further insight into the modular structure of the organism [29, 36, 37] . Finally, double and triple mutants constructed from such libraries may make it possible to test our prediction for the existence of epistasis and its dependence on environmental conditions.
Materials and methods
Strains and media
E. coli K12 strain DL41 ( -, metA28) [38] was obtained from the E. coli Genetic Stock Center, CGSC# 7177. Plasmid pCS16 (SC101 ori, a luxCDABE operon and a Kan R marker) was obtained from M. Surette. The luciferase promoter in pCS16 was BamHI-excised and a synthetic lambda promoter [39] was ligated instead to form pCS-. The parental strain of the current study is the constitutively bright DL41 strain bearing pCS-.
The standard favorable medium (FM) is a M63 minimal medium [40] , supplemented with 0.2% glucose, 0.01% casamino acids, 0.5 g/ml thiamine, 33 g/ml methionine and 40 g/ml kanamycin. Growth temperature was 30°C unless otherwise indicated. Stressful environments were formed by supplementing FM as indicated in Table 1 .
Mutant library construction
The parental strain culture was mutagenized by N-methyl-Nnitro-N-nitrosoguanidine (NTG) according to standard methods [41] . The mutagen dose used (7.5 g/ml NTG for 10 minutes) corresponds to a relatively low number of mutations per genome (rifampicin resistance frequency of 3 ϫ 10 -5 ). It should be noted that the exact number of mutations per genome may vary between the mutants, but none of the arguments made in the current study assume, in any way, a specific constant number of mutations per mutant (see in particular the legend to Figure 4 ). After mutagenesis, cells were allowed to recover in LB for only 2 hours to avoid considerable selection against slow-growing mutants. Cells were then plated for single colonies on FM agar plates and incubated at 30°C. At five time points (21, 24, 34, 50 and 73 hours after plating), newly arising colonies were counted (there were 1,268, 58, 29, 18 and 6, respectively) and colonies (7, 35, 20, 13 and 3, respectively) were randomly picked and re-streaked on FE agar
Figure 4
The existence of stresses that alleviate average mutation effects could imply that there is average epistasis between mutations. Average absolute growth rates of the parental strain (with no mutations) and of the mutant library (defined as having an average of 1 unit of mutation per mutant in the library) are shown under favorable conditions (black) and under trimethoprim stress (gray). Linear extrapolation (dashed) of the data, assuming an absence of epistasis, would lead to intersection of the lines. Such an intersection seems unrealistic, however, as it would imply an increase of the average absolute growth rate under stress. To avoid intersection at least one of the lines must bend, which would reflect the existence of average epistatic interactions between mutations. Note that the fact that our library may contain a variable number of mutations per genome does not affect the argument presented above. plates. Each re-streaked plate was placed at 4°C when small visible colonies first appeared. Once all re-streaked mutants formed visible colonies, they were picked into separate wells on a 96-well microtiter plate containing 100 l FM per well. Twelve parental strain controls, which went through the same procedure with no mutagen, were also included in the library. The library microtiter plate was then used as a master plate from which the library was replicated to initiate the growth rate assays. Frozen -80°C copies of the library were also made by replicating the master plate into M63 + 3.5% v/v DMSO.
The growth rates measured for the seven clones picked in the first time point were equal to the parental strain growth rate under all tested environments, and were therefore excluded from the statistical analysis. Mutants picked at the four later time points were assigned a statistical weight equal to the ratio of the total number of new colonies that appeared at a given time point divided by the number of colonies picked at that time point. This statistical weight was used to properly weight the growth-rate measurements for the statistical analysis shown in Figures 3d and S3 and Table 1 .
Growth curve assay
The 96-well plates (Costar 3792 black, round bottom) were filled with 100 l per well of the tested media, inoculated with the library cells using a 96-pin replicator and tightly sealed with a clear adhesive tape (Perkin-Elmer 1450-461). For a given medium, at least two replications of several cell inoculations (typically three different inoculations aimed around 0.15, 3 and 25 cells per well) were made. Photon counting was done in Packard's TopCount NXT Microplate Scintillation and Luminescence Counter. The instrument was placed in a 30°C (or 17°C for the cold-temperature experiment) environmental room and the same temperature was also set in the instrument's reading chamber. Acquisition time was 2 seconds per well. A total of 10-20 microtiter plates were typically assayed in parallel using the instrument stacker. No shaking for aeration was performed. A calibration of counts per second (cps) in the detector to number of cells per well is 30 cells per cps during exponential growth of the parental strain in favorable conditions (see Figure S1 ).
Growth-rate determination
Growth rates were determined by a linear fit of the log of the counts per second against time during exponential growth. A background of 20 cps was subtracted from the raw data. Crosstalk coefficient from neighboring wells was evaluated (nearest neighbors, 10 -4 ; nearest-nearest neighbors, 0.3 ϫ 10 -4 ; and all other wells, 10 -6 ). Data points with significant crosstalk (more than 10% of the well signal) were excluded. Guidelines for determining the time interval to which the linear fit was applied were: first, to assure high signal-to-background and to give the cells enough time to reach pure exponential growth, only readings higher than 100 cps were considered; second, only data points at least one order of magnitude below stationary phase were considered; third, for each clone the lowest initial cell inoculation which gave rise to a growing culture was used. Usually these guidelines left two to three orders of magnitude of pure exponential growth for which a linear fit (M-estimate fit) was performed. Within-and between-plate variation in growth rates of the parental strain were evaluated. Growth rates of replicates on different plates in the same well position were usually within 1-2% of each other. Variation between different wells within the same plate was about 5%. Half of this variance was systematically correlated with the position of the well on the plate (presumably due to a small temperature gradient) and was corrected for. After these corrections, the total (within and between plates) measurement variation of the growth rates was about 5%. The measured growth rate was validated for a few cases by plating cultures for single colonies at several time points. They were found accurate within the measurement error of 5%.
Figure S1
The relationship between the number of colony-forming units (CFUs) per well and counts per second (cps) of bioluminescence intensity. CFUs were measured by plating for single colonies at various time points during exponential growth (black) and at the end of exponential growth (gray). The linear fit corresponds to 30 CFUs per well per cps. This linear relationship holds throughout four orders of magnitude of exponential growth; it breaks only at high cell densities, when the population enters stationary phase. 
